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Abstract

Background: Inconsistent evidence describes the association between dietary intake of dairy and milk-based products

and type 2 diabetes (T2D) risk.

Objective:Our objective was to assess associations between consumption of milk-based products, incident prediabetes,

and progression to T2D in the Framingham Heart Study Offspring Cohort.

Methods: Total dairy and milk-based product consumption was assessed by #4 food-frequency questionnaires across a

mean of 12 y of follow-up in 2809 participants [mean6 SD age: 54.06 9.7 y; body mass index (in kg/m2): 27.16 4.7; 54%

female]. Prediabetes was defined as the first occurrence of fasting plasma glucose $5.6 to <7.0 mmol/L ($100

to <126 mg/dL), and T2D was defined as the first occurrence of fasting plasma glucose $7.0 mmol/L ($126 mg/dL) or

diabetes treatment. Proportional hazards models were used to estimate the risk of incident outcomes relative to dairy

product intake in subsets of the cohort who were at risk of developing the outcomes. Spline regressions were used to

examine potential nonlinear relations.

Results: Of 1867 participants free of prediabetes at baseline, 902 (48%) developed prediabetes. Total, low-fat, and high-fat

dairy consumptions were associated with a 39%, 32%, and 25% lower risk of incident prediabetes, respectively, in the

highest comparedwith the lowest intakes ($14 comparedwith <4 servings/wk). Total, low-fat and skimmilk, whole-milk, and

yogurt intakes were associated nonlinearly with incident prediabetes; moderate intake was associated with the greatest

relative risk reduction. Neither cheese nor cream and butter was associated with prediabetes. Of 925 participants with

prediabetes at baseline, 196 (21%) developed T2D. Only high-fat dairy and cheese showed evidence of dose-response,

inverse associations with incident T2D, with 70% and 63% lower risk, respectively, of incident T2D between the highest and

lowest intake categories ($14 compared with <1 serving/wk for high-fat dairy,$4 comparedwith <1 serving/wk for cheese).

Conclusion: Associations of dairy with incident prediabetes or diabetes varied both by dairy product and type and by

baseline glycemic status in this middle-aged US population. Baseline glycemic status may partially underlie prior equivocal

evidence regarding the role of dairy intake in diabetes. J Nutr 2017;147:1764–75.
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Introduction

Diabetes affects an estimated 1 in 11 people worldwide (1). In
the United States in 2012, an estimated 29.1 million adults
had diabetes, whereas prediabetes affected an estimated 86
million—over one-third of US adults (2). Diet modification
is recommended as an important prevention strategy at any
stage of progression from health to overt type 2 diabetes
(T2D) (3).

US dietary guidelines have consistently recommended 2–3
servings dairy/d for adolescents and adults (4, 5). Many
individuals may perceive dairy products as health foods, par-
ticularly reduced-fat products such as skim milk and low-fat

yogurt. For some, certain dairy products may be an impor-
tant source of protein and several shortfall nutrients (nutrients

that may be underconsumed relative to the Dietary Reference

Intakes), including calcium, magnesium, potassium, and vita-

min D (6, 7). They may also be a source of potentially harmful

saturated fats, although some research indicates that the effects

of saturated fats, including those from dairy, are not universally

harmful (8–11).
Existing observational evidence suggests a generally small,

equivocal, or U-shaped relation between total dairy or specific

dairy product consumption and the risk of T2D (11–14) and
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related risk factors (15–19). However, few prospective studies to
our knowledge have examined dairy in relation to incident im-
paired glucose or hyperglycemic stages preceding T2D. A 2011
prospective study of metabolic syndrome in a French population
observed that total dairy (except cheese) was associated with
lower odds of hyperglycemia [defined as impaired fasting glucose
(IFG) or T2D] over a 9-y follow-up, although its relation with
T2D alonewas not significant, and cheese was not associated with
either hyperglycemia and T2D or T2D alone (17). Two recent
cross-sectional studies reported inverse associations between total
and fermented dairy intake and glucose traits, including T2D,
although relations of other dairy products varied between the 2
studies and outcomes (13, 20). Thus questions remain regarding
the point along the etiologic pathway, if any, at which dairy or
specific dairy products may exert a potentially protective or
deleterious role. In addition, given the high and largely unex-
plained heterogeneity of dairy-T2D associations across prior
studies (12), glycemic status may be a potential source of the
observed differences.

Therefore, the primary aim of this study was to investigate
the relations between consumption of dairy and milk-based
products and the long-term risk of prediabetes among initially
healthy individuals, and the risk of T2D among individuals with
prediabetes in a cohort of middle-aged adults, the Framingham
Heart StudyOffspring Cohort. As a secondary aim, we examined
the effect modification of dairy intake and risk of T2D by
baseline glycemic status in the combined study population. We
hypothesize that associations with incident outcomes differ
by dairy product and type, and that these associations may
further differ in initially healthy compared with unhealthy
participants.

Methods

Study participants. The National Heart, Lung, and Blood Institute�s
Framingham Heart Study Offspring Cohort is a community-based
longitudinal study of cardiovascular disease that began in 1971 (21). In

the fifth examination cycle (1991–1995) of the Offspring Cohort, 3799

participants underwent a standard medical examination consisting of

laboratory and anthropometric as well as dietary intake assessments. In
the study described here, participants were followed from the fifth exam

(baseline) through the eighth exam (2005–2008). Individuals were

excluded from this analysis if they had a history of diabetes or were
identified as having diabetes at the baseline examination [fasting plasma

glucose (FG) $7.0 mmol/L ($126 mg/dL), or glucose $11.1 mmol/L

($200 mg/dL) after a 2-h oral-glucose-tolerance test (OGTT), or use of

an oral hypoglycemic drug or insulin; n = 375]; were missing blood

glucose data (n = 101); had invalid dietary data at baseline (n = 318);

were missing necessary covariates (n = 26); or had no follow-up data on

diabetes status (n = 170). The final sample included 2809 participants

(Supplemental Figure 1).

The original data collection protocols were approved by the institu-
tional review board at Boston University Medical Center, and written

informed consent was obtained from all participants. The protocol used

in this study was reviewed and approved by the Tufts University Health

Sciences Institutional Review Board.

Incident and prevalent prediabetes and incident diabetes. At

baseline and all subsequent exams, FG was measured in fresh plasma
specimens with a hexokinase reagent kit (A-Gent glucose test; Abbot).

Also at baseline, a 2-h OGTTwas administered, and 2-h plasma glucose

was measured in the same way as FG.
Participants were classified as having prediabetes at baseline if they

had FG$5.6 to <7.0 mmol/L ($100 to <126 mg/dL) or glucose$7.8 to

<11.1 mmol/L ($140 to <200 mg/dL) after a 2-h OGTT. Incident

prediabetes was defined as the first incident measurement of FG $5.6 to

<7.0 mmol/L ($100 to <126 mg/dL). Incident T2D was defined by

reported use of an oral hypoglycemic drug or insulin, or the first incident

measurement of FG $7.0 mmol/L ($126 mg/dL) (22).

Dairy and other dietary intake. The Harvard semiquantitative, 126-
item FFQ was used at each exam to assess dietary intake (23). The FFQ

includes a list of foods for which participants were asked to report the

frequency of consumption of standard serving sizes of each food item

over the previous year. Eleven questions about products made from milk

specifically inquired about consumption of whole milk, low-fat and skim

milk, cream, sour cream, sherbet and ice milk, ice cream, yogurt, cottage

and ricotta cheese, cream cheese, other cheese (e.g., American, cheddar),

and butter. Possible response categories ranged from never or <1 time/mo

to$6 times/d. Total dairy (servings per week) was calculated as the sum

of each of the relevant individual line items, which corresponded to the

USDA MyPlate definition of dairy as ‘‘foods made from milk that retain

their calcium content,’’ including milk, sherbet and ice milk, ice cream,

yogurt, cottage and ricotta cheese, and other cheese (https://www.

choosemyplate.gov/dairy). Low-fat dairy was calculated as the sum of

skim milk, sherbet and ice milk, and yogurt; high-fat dairy, the sum of

whole milk, ice cream, cottage and ricotta cheese, and other cheese; total

fluid milk, the sum of full-fat and skim and low-fat milk; total cheese, the

sum of cottage and ricotta cheese and other cheese. We also assessed

foods made from milk that do not retain calcium, including cream, sour

cream, cream cheese, and butter; these were collapsed into a ‘‘cream and

butter’’ category. One serving of each milk-based food can be converted

to grams: skim milk, 245 g; whole milk, 245 g; cream, 15 g; sour cream,

12 g; sherbet and ice milk, 96 g; ice cream, 66 g; yogurt, 227 g; cottage

and ricotta cheese, 105 g; cream cheese, 28 g; other cheese, 28 g; butter,

5 g. FFQs were defined as invalid if they estimated daily caloric intake as

<600 kcal/d or as $4000 kcal/d for women and$4200 kcal/d for men,

and if they had$12 blank items (23). The relative validity of the FFQ for

measuring dairy intake has been previously reported, and it shows

reasonable correlation with estimates from dietary records (e.g., highest

for yogurt, r = 0.94–0.97; lowest for cheese, r = 0.38–0.57) (24).

Other dietary factors derived from the questionnaire—selected either
because of previously shown relations with the outcome(s) or because

they are markers of the healthfulness of the diet—included intake of

coffee, nuts, fruits, vegetables, meats, alcohol, fish, and the glycemic index

(used as a measure of carbohydrate quality). The Dietary Guidelines for

Americans Index (DGAI) 2010 score, without its 2 dairy components,

was calculated as previously described (25).
To account for long-term dietary exposure and to reduce within-

person variability, intake is presented as the mean intake obtained from

the dietary data available from each exam, averaged across all exams (5,

6, 7, and 8) for which dietary data were available up to the incident

event, censoring, or end of follow-up.

Covariate assessment. Potential confounders of the relation between
diet and progression to prediabetes or diabetes, as well as other risk

factors for these conditions, were considered as covariates. Covariates
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were assessed as follows: age (years); baseline BMI (kg/m2); parental

history of diabetes (yes or no), based on self-reported history in one or

both natural parents; hypertension (yes or no), defined as blood pressure

$140/90 mm Hg, measured twice by a physician and averaged to

calculate the systolic and diastolic pressures, or as receiving treatment

for hypertension; dyslipidemia (yes or no), defined as plasma TGs

$150 mg/dL, plasma HDL cholesterol <40 mg/dL in men or <50 mg/dL

in women, total plasma cholesterol $200 mg/dL, or treatment for

dyslipidemia; and regular smoking during the year before the examina-

tion (yes or no) as assessed via questionnaire. Weight change (kilograms)

was calculated as the difference between the weight at the exam relevant

to the incident event, censoring, or end of follow-up, and the baseline

weight.

Statistical approach. We created categories of averaged total dairy and

milk-based product intake (servings per week) based on readily inter-

pretable amounts and distributions of participants in these categories.

Participant characteristics at baseline adjusted for age, sex, and energy

(in the case of foods) are presented across categories of mean total dairy

intake. Linear trends across increasing categories of intake were tested by

assigning the median value of intake within each category and treating

these as continuous variables.
Because we sought to characterize dairy�s associations with progres-

sion from normal to prediabetes, we assessed the prospective association

of dairy intake with 1) incident prediabetes among participants free of

prediabetes at baseline and 2) incident T2D among participants who had

prediabetes at baseline. In sensitivity analyses, we repeated the healthy-

to-prediabetes analyses including 17 incident T2D cases in the predia-

betes category; these 17 cases had no observed instances of prediabetes.

We conducted secondary analyses of the combined population for the

outcome of incident T2D, wherein we tested for interaction between

exposure and baseline glycemic status and to provide opportunity to

compare results from the present cohort with those from the literature.
HRs and 95% CIs across categories of dairy intake were estimated

from multivariable Cox proportional hazards models for incident

prediabetes or diabetes. P-trend values were estimated using the median

value in each intake category. Continuous values of weekly intake were

assigned based on the value, or the midpoint value of the intake range,

within the frequency response and used to assess per-serving associa-

tions. When categorical analyses of the final statistical model suggested

nonlinear relations, these potential relations were assessed with re-

stricted cubic splines (26) through use of the approach described by Li

et al. (27). Four automatically selected knots at the 5th, 35th, 65th, and

95th percentiles with the use of continuous exposures were applied in all

cases except for whole milk (1.0, 2.5, and 5.0 servings/wk) and yogurt

(0.3, 1.7, and 4.0 servings/wk), for which we prespecified 3 knots based

on the distribution of these data. Nonlinearity was tested through the use

of the likelihood ratio test, comparing the model with only the linear

term with the model with both the linear and the cubic spline terms.

For all outcomes, the initial model was adjusted for age, sex, and

energy intake.Model 2 was adjusted as for model 1, plus parental history

of diabetes, smoking status at baseline, dyslipidemia or treatment, and

hypertension or treatment. In model 3, we further adjusted for other

dietary characteristics, including mean intake of coffee, nuts, fruits,

vegetables,meats, alcohol, and fish; the glycemic index (used as ameasure

of carbohydrate quality); and other dairy, as appropriate (for example,

for associations of low-fat dairy intake, high-fat dairy intake was

included in model 3). Model 4 was adjusted as for model 3, as well as for

baseline BMI and weight change over follow-up; these traits are typically

mediators of diet-diabetes associations. Models further adjusted for

history of cardiovascular disease or cancer at baseline, interim cardio-

vascular events, DGAI 2010 score, sugar-sweetened beverage intake, or

physical activity at baseline did not materially change results. Finally,

using cross-product terms, we tested for statistical interaction between

each dairy exposure as a continuous variable and baseline age, sex, and

BMI in the final models.

All analyses were conducted in SAS software (version 9.4; SAS
Institute). Statistical significance was set at the 0.05 level. All tests were

2-tailed.

Results

Baseline clinical and dietary characteristics of 2809 partic-
ipants across categories of mean total dairy intake are presented
in Table 1. The mean age of the population was 54.0 6 9.7 y,
54%were women, 42%were overweight, and 22%were obese.
Mean 6 SD total dairy intake across follow-up was 10.8 6
6.8 servings/wk; all participants reported consuming dairy at
some point across follow-up. However, consumption varied by
dairy product; for example, 36% of participants did not report
consuming yogurt at any time across follow-up. In trends from
the lowest to the highest category of total dairy intake, those in
the highest category were more likely to be slightly younger,
have a higher BMI, and have lower TG concentrations. They
were less likely to have smoked regularly in the preceding year.
Intake of dairy products, but not of cream and butter, was
higher with higher total dairy intake. With increasing total
dairy intake, intake of whole grains and DGAI 2010 score
tended to be higher, whereas intake of alcohol, vegetables,
meat, and sugar-sweetened beverages, and the glycemic index
tended to be lower. Total dairy and milk-based product intakes
were only weakly or not correlated with baseline BMI (range of
partial r = 20.05 to 0.05) and weight change (range of partial
r = 20.02 to 0.06).

Of the initial 2809 participants, 1884 (64.7%) had normo-
glycemia at baseline. They were statistically significantly differ-
ent from the 925 participants with prediabetes at baseline with
respect to several clinical and dietary characteristics, but they
did not differ with respect to mean dairy intake (Supplemental

Table 1).

Incident prediabetes among those with normal glucose

status at baseline. In the 1884 participants with normoglyce-
mia at baseline, excluding those who developed T2D without
captured prediabetes (n = 17), we identified 902 cases (48.3%)
of incident prediabetes over a mean 6 SD follow-up of 10.5 6
4.1 y. Risks of incident prediabetes according to total dairy
intake and intake of other products are presented in Table 2. In
the basic model, adjusted for age, sex, and energy intake, in-
creasing total dairy intake was associated with a 37% lower risk
of incident prediabetes [lowest (reference) compared with highest
intake, HR: 0.63 (95% CI: 0.49, 0.80); P-trend < 0.001]. This
estimate remained after adjusting for risk factors, including other
dietary factors, BMI at baseline, andweight change (fully adjusted
model, model 4). In the fully adjusted model, low-fat dairy
intake was linearly inversely associated with incident prediabe-
tes [lowest compared with highest intake, HR: 0.68 (95% CI:
0.51, 0.92); P-trend = 0.03]. High-fat dairy intake was also sig-
nificantly inversely associated with incident prediabetes, albeit
more weakly [lowest compared with highest intake, HR: 0.75
(95% CI: 0.47, 1.17); P-trend = 0.03], and estimates suggested
nonlinear associations; however, the P-nonlinearity value was
not statistically significant (P-nonlinear trend = 0.13). Total milk,
low-fat milk, and whole-milk intakes were not significantly as-
sociatedwith prediabetes in a dose-response fashion (P-trend > 0.05)
in fully adjusted models, but significant nonlinear associations
were present for all 3 milk categories (Figure 1A–C and Table 2).
Yogurt intake also seemed to be significantly nonlinearly associ-
ated with prediabetes (P-nonlinear trend = 0.04); the lowest risk
was observed for 1 to <3 servings/wk (median: 1.7 servings/wk)
(Figure 1D and Table 2). Neither the cheese nor the cream and
butter category was significantly associated, in either a linear or
nonlinear fashion, with incident prediabetes among those with
normoglycemia at baseline. Including 17 incident T2D cases
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with the prediabetes cases did not substantively alter these
results (Supplemental Table 2). Interactions between exposures

and age, sex, and BMI were not statistically significant (all

P-interaction > 0.05).

Incident T2D among those with prediabetes at baseline.

Among the 925 participants (31.8% of the total sample) with
impaired fasting glucose or impaired glucose tolerance at base-

line, 196 participants (21.2%) developed incident T2D over a

mean 6 SD follow-up of 11.5 6 3.5 y. Only high-fat dairy and

cheese intakes showed evidence of a dose-response association with

incident T2D. In fully adjusted models, higher high-fat dairy
intake was associated with a 70% lower risk of incident T2D

[lowest compared with highest intake, HR: 0.30 (95% CI: 0.10,

0.92); P-trend = 0.03]; and higher cheese intake was associated

with a 63% lower risk of incident T2D [HR: 0.37 (95% CI:

0.22, 0.62); P-trend < 0.001] (Table 3). Of the tested interactions

of exposures with age, sex, and BMI, only that for cheese intake

interacting with age was significant (P-interaction = 0.002). Strat-

ifying by median age (57 y) resulted in a significant association

between cheese intake and incident T2D for those >57 y old [per

serving, HR: 0.79 (95% CI: 0.67, 0.91); P = 0.002] but not for

TABLE 1 Adjusted characteristics of 2809 participants of the Framingham Heart Study Offspring Cohort
who were free of diabetes at exam 5 (baseline, 1991–1995), by category of mean total dairy intake1

Characteristics

Categories of mean total dairy intake2

P-trend0 to ,4 4 to ,7 7 to ,14 $14

Servings/wk,2 median 2.8 5.6 10.0 18.6

Participants, n 355 583 1156 715

Age, y 54.9 6 0.5 54.2 6 0.4 53.7 6 0.3 53.9 6 0.4 ,0.001

Female sex, % 52 6 3 53 6 2 54 6 1 56 6 2 0.06

BMI, kg/m2 26.5 6 0.3 26.9 6 0.2 27.4 6 0.1 27.1 6 0.2 0.01

Current smoker, % 23 6 2 20 6 2 19 6 1 14 6 1 ,0.001

Physical activity index, MET-h/wk 34.4 6 0.3 34.8 6 0.3 35.0 6 0.2 34.9 6 0.2 0.46

Plasma TGs, mg/dL 147.3 6 5.4 136.3 6 4.2 145.2 6 3.0 132.9 6 3.8 0.03

Plasma cholesterol, mg/dL 205.8 6 1.9 206.7 6 1.5 205.0 6 1.0 201.8 6 1.3 0.07

Plasma HDL cholesterol, mg/dL 49.9 6 0.7 51.4 6 0.6 51.3 6 0.4 50.4 6 0.5 0.18

BP, mm Hg

Systolic 125.9 6 0.9 124.0 6 0.7 124.8 6 0.5 123.8 6 0.6 0.17

Diastolic 74.5 6 0.5 74.2 6 0.4 74.5 6 0.3 73.9 6 0.4 0.62

Plasma glucose, mg/dL 94.7 6 0.5 94.9 6 0.4 95.0 6 0.3 94.2 6 0.3 0.24

Milk-based dietary characteristics2

Total dairy 3.5 6 0.3 5.9 6 0.2 9.8 6 0.2 18.5 6 0.2 ,0.001

High-fat dairy 2.6 6 0.2 3.6 6 0.2 4.3 6 0.1 6.4 6 0.2 ,0.001

Low-fat dairy 0.9 6 0.3 2.3 6 0.2 5.6 6 0.2 12.1 6 0.2 ,0.001

Cheese 1.7 6 0.2 2.3 6 0.1 2.6 6 0.1 3.8 6 0.1 ,0.001

Cream and butter 6.3 6 0.5 6.6 6 0.4 5.2 6 0.3 4.2 6 0.4 ,0.001

Milk

Total 0.8 6 0.3 2.1 6 0.2 5.0 6 0.2 11.4 6 0.2 ,0.001

Skim 0.5 6 0.3 1.5 6 0.2 4.4 6 0.2 10.2 6 0.2 ,0.001

Whole 0.4 6 0.1 0.5 6 0.1 0.6 6 0.1 1.2 6 0.1 ,0.001

Yogurt 0.3 6 0.1 0.6 6 0.1 0.9 6 0.1 1.3 6 0.1 ,0.001

Other dietary characteristics3

Whole grains 15.5 6 1.0 16.2 6 0.8 19.8 6 0.5 22.7 6 0.8 ,0.001

Fruit 297.0 6 11.1 279.7 6 8.5 296.2 6 6.0 291.7 6 7.9 0.41

Vegetables 212.3 6 6.5 223.8 6 5.0 222.5 6 3.5 211.4 6 4.6 0.11

Fish 32.8 6 1.5 33.4 6 1.1 33.7 6 0.8 31.8 6 1.0 0.51

Meat 132.1 6 3.0 127.8 6 2.3 124.2 6 1.6 116.2 6 2.1 ,0.001

Nuts 5.7 6 0.5 5.7 6 0.4 6.1 6 0.3 6.5 6 0.4 0.47

Coffee 537.4 6 20.3 540.8 6 16.9 537.4 6 10.1 520.5 6 16.9 0.86

Sugar-sweetened beverages 203.4 6 13.7 181.6 6 10.1 136.4 6 7.1 109.0 6 9.6 ,0.001

Alcohol 7.3 6 0.4 6.0 6 0.3 5.0 6 0.2 3.2 6 0.3 ,0.001

Glycemic index 55.8 6 0.2 54.9 6 0.1 54.3 6 0.1 53.0 6 0.1 ,0.001

DGAI 2010 score4 58.9 6 0.6 61.1 6 0.5 62.7 6 0.3 62.5 6 0.4 ,0.001

1 Values are means 6 SDs, unless otherwise indicated. Characteristics are adjusted for age and sex, except for age (which is only adjusted

for sex) and sex (which is only adjusted for age). Dietary characteristics are additionally adjusted for energy intake. BP, blood pressure;

DGAI, Dietary Guidelines for Americans Index; MET-h, metabolic equivalent task hours.
2 Units are servings per week (unless otherwise indicated), with the following grams per serving: skim milk, 245 g; whole milk, 245 g;

cream, 15 g; sour cream, 12 g; sherbet and ice milk, 96 g; ice cream, 66 g; yogurt, 227 g; cottage and ricotta cheese, 105 g; cream cheese,

28 g; other cheese, 28 g; butter, 5 g.
3 Units are grams per day except for coffee and sugar-sweetened beverages, which are both measured as milliliters per day, and the

glycemic index and the DGAI 2010 score, which take no units.
4 The DGAI 2010 score presented does not include 2 dairy components of the total score (25).
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those #57 y old [per serving, HR: 0.94 (95% CI: 0.87, 1.01);
P = 0.11]. Otherwise we found no significant trends or nonlinear
associations for intake of any other milk-based product with
respect to risk of incident diabetes (all P-trend and P-nonlinear
trend > 0.05).

Incident T2D in the total population: impact of glycemic

status at baseline. Secondary analyses of the total population
were conducted for incident T2D given the differences we
observed between glycemic status at baseline and dairy-outcome
relations. In addition, given the long follow-up, some initially
healthy individuals did develop T2D after prediabetes (n = 40) or
had no observed prediabetes stage (n = 17). The analysis thus
combined the 196 incident cases in the initially impaired subset
of the population with 57 cases in the initially normoglycemic
subset of the population. We estimated proportional hazards in
the total population for the outcome of T2D using the original
models and an additional model that adjusted for baseline
glycemic status (i.e., normal or impaired). In the latter we also
included an interaction term between dairy exposure and
baseline glycemic status. Results were most similar to results
for the incident analysis in the population impaired at baseline,
likely driven by the higher number of T2D outcomes in this
subset of the population (Supplemental Table 3). High-fat dairy
intake was modestly inversely associated with incident T2D in
the fully adjusted model [model 4; lowest compared with highest
category, HR: 0.49 (95% CI: 0.19, 1.24); P-trend = 0.06). After
adjusting for glycemic status at baseline, the trend was weaker
(P-trend = 0.09), although the interaction with baseline glycemic
status was highly significant (P-interaction = 0.006). Cheese was
strongly inversely associated with incident T2D, even after adjust-
ing for glycemic status at baseline [HR: 0.51 (95% CI: 0.33, 0.78);
P-trend = 0.005), and the interaction with baseline glycemic
status was also highly significant (P-interaction # 0.001).

Discussion

In these analyses, we observed that total, high-fat, and low-fat
dairy intakes were inversely associated with the risk of developing
prediabetes (or diabetes) among those with normoglycemia at
baseline. Among those in an initially impaired glycemic state at
baseline, cheese intake was inversely associated with incident
diabetes, even after adjusting for BMI and other risk factors. This
association between cheese intake and diabetes seemed to be the
strongest dose-response association in these analyses. In addition,
some protective associations we expected were not observed, such
as that for yogurt intake, although in those with normoglycemia
at baseline, we observed a nonlinear protective association at 1–
3 servings/wk. In addition, we observed that associations between
select dairy products and T2D differ according to glycemic
status at baseline, which may underpin the equivocal relations
observed across prior studies (12, 13, 28–30).

Given our deepening understanding of the differential han-
dling of foods given pre-existing metabolic states (31–34), our
results may help disentangle inconsistent evidence regarding the

FIGURE 1 HRs of incident hyperglycemia (as impaired fasting

glucose) among participants of the Framingham Heart Study Offspring

Cohort with normoglycemic status at baseline, by weekly servings of

total milk intake (P-nonlinear trend = 0.0008) (A), low-fat and skim milk

intake (P-nonlinear trend = 0.02) (B), whole-milk intake (P-nonlinear

trend = 0.01) (C), and yogurt intake (P-nonlinear trend = 0.04) (D).

Spline models were developed because of potential nonlinear

relations suggested by categorical analyses, and were adjusted for

age, sex, energy intake, parental history of diabetes, baseline smoking

status, dyslipidemia or treatment, hypertension or treatment, and the

mean of other dietary characteristics (including intake of coffee, nuts,

fruits, vegetables, meats, alcohol, fish; the glycemic index; and other

dairy intake, as appropriate; for example, for associations of low-fat

dairy intake, high-fat dairy intake was included in model 3), baseline

BMI, and weight change over follow-up. The solid line indicates the

estimates; the gray shaded areas represent the 95% CIs. Grams per

serving are as follows: low-fat/skim milk, 245 g; whole milk, 245 g;

yogurt, 227 g.
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role of dairy in diabetes. Dairy intake, along with intake of other
milk-based products, such as butter, has equivocal associations
with incident diabetes, and meta-analyses of the topic have
yielded relatively few insights into reasons for the high hetero-
geneity between studies (12, 28–30). Gijsbers et al. (12), in a
recent meta-analysis of 22 prospective cohort studies of dairy
intake and T2D, observed slightly protective linear associations
for total and low-fat dairy intake (3% and 4% risk reduction,
respectively, per 200 g/d increment), and a nonlinear associa-
tion for yogurt intake; 80 g/d had the lowest risk (14% risk
reduction relative to nonconsumers), and no additional benefit
was observed above that amount. These results align with our
observations for incident prediabetes among those with normo-
glycemia at baseline. We also observed lower risks of impaired
fasting glucose for total and low-fat dairy intakes, along with a
more modest trend for high-fat dairy intake, and our results for
yogurt indicate that the lowest risk (25% risk reduction relative
to nonconsumers) was observed at a median of 1.7 servings/wk
(60.5 g/d at 244 g/serving); no benefit was observed above that
amount. Among those with impaired glucose at baseline, we did
not observe protective associations for total or low-fat dairy
intake or yogurt intake against T2D, but we did observe favor-
able associations between cheese intake and incident T2D,
which may be stronger among older individuals in our cohort. In
general, prior prospective cohort studies have found nonsignif-
icant associations of cheese with incident T2D (11, 12, 14, 17).

In analyses including our entire cohort for incident T2D, we
observed significant interactions between total milk intake and,
more notably, high-fat dairy and cheese intakes with baseline
glycemic status. To our knowledge, no prior observational study
or meta-analysis has accounted for the potentially modifying role
of baseline glycemic status in associations of dairy products with
incident prediabetes or diabetes. Therefore, baseline glycemic
status may account for the heterogeneity observed across prior
studies for dairy�s role in diabetes. A 2011 prospective study of the
metabolic syndrome in a French population investigated the
incidence of hyperglycemia (as IFG or T2D) and observed that
total dairy intake, excluding cheese, was associated with lower
odds of hyperglycemia over 9 y of follow-up (17). However, the
relation between total dairy intake and T2D alone was not
significant, and cheese was not associated with either hyper-
glycemia and T2D or T2D alone (17). The authors did not
investigate hyperglycemia without T2D, nor did they assess
possible differential associations by glycemic status at baseline.

The fat and protein components of traditionally high-fat
dairy, possibly coupled with fermentation (e.g., in products such
as cheese or whole-milk yogurt), might play a more important
role for those experiencing a dysregulated metabolic state of
hyperglycemia than for individuals with normoglycemia (35,
36). Several current lines of research are investigating the role
of circulating biomarkers of dairy and dairy fat intake in
cardiometabolic health (37, 38); some studies indicate benefits
(8, 9, 39) whereas others report no associations (40) or report
differential effects, depending on the type of FA (10, 41).

Beyond dairy fats, dairy proteins may also play a role in
cardiometabolic health (42). For example, in a recent 12-wk
trial of dairy protein (whey or casein) and milk fat (high or low
medium-chain SFA content) supplementation in abdominally
obese adults, whey protein, but not casein, decreased the post-
prandial chylomicron response (specifically apoB-48) compared
with casein, whereas casein increased postprandial glucagon-
like peptide 1 compared with whey (43). No differences were
found on postprandial measures for the low compared with the
high fat content. Another trial consisting of a whey protein load

preceding a breakfast with a high glycemic index in Israeli adults
with T2D found that postprandial glucose levels were reduced
by 28%, whereas insulin was 105% higher and C-peptide was
43% higher with the whey protein load. In addition, glucagon-
like peptide 1 levels (both total and intact) were also significantly
higher with the whey protein load before the meal (44).

Finally, 2 recent cross-sectional studies showed that fermented
dairy may be particularly beneficial in T2D and related outcomes.
In addition to observing 25–29% lower odds of newly diagnosed
T2D in those with the highest total dairy consumption, a 2015
cross-sectional study in nondiabetic Brazilian adults observed
inverse associations between dairy intake and fasting glucose, 2-h
OGTT glucose, glycated hemoglobin, insulin after a 2-h OGTT,
and insulin resistance, with strong inverse associations between
fermented dairy intake and glucose traits (20). A 2016 cross-
sectional study in a middle-aged Dutch population found that
both skim and fermented dairy products were inversely associ-
ated with impaired glucose metabolism (defined as impaired
glucose tolerance or IFG), whereas total dairy was inversely and
full-fat dairy was directly associated with T2D (13). Fermented
dairy products are thought to promote gut microbial health, and
while we observed dose-response relations for cheese intake in
the impaired subset of our study population, we did not observe
dose-response benefits of yogurt intake in either subset, which
limits our ability to speculate on the relevance of our findings for
fermented dairy as a singular class of dairy products.

Strengths and limitations. We benefited from a large cohort
followed for #17 y with repeated measures of exposures and
outcomes. Although the FFQ has been widely used in epidemio-
logic studies, this method has limitations, notably its reliance on
participant self-report and memory. However, dairy intake as
assessed by FFQ has among the highest correlations with dietary
records (23, 24). Although we maintained a strictly prospective
analysis, some reverse causalitymay exist. However, ‘‘prediabetes’’
wasn�t defined as a risk factor for T2D until 1997 (45) and is still
not considered a ‘‘clinical entity’’ in the most recent Standards of
Medical Care of the American Diabetes Association (46). In
addition, before 1997, the fasting glucose cutoff for T2D was
140 mg/dL (45), rather than the 126 mg/dL used in this study.
Thus, behavior change in response to a prediabetes ‘‘diagnosis’’
was not likely in this cohort, especially during early follow-up.
Although clinical diagnostic definitions of our outcomes usually
stipulate 2 consecutive elevated measures, our approach of using
a single measure is common in some epidemiologic approaches
where consecutive exams occur far apart; nevertheless, our
definition may have misclassified glycemic status in some individ-
uals, resulting in biased estimates. We did not assess measures of
dairy-related circulating lipids, which could have been useful as
biomarkers of intake and confirmation of associations with the
outcomes; this area merits further research. In addition, we tested
associations between 9 dairy exposures and 2 outcomes in our
primary hypotheses, and thus some of our findings could be due to
chance. A strict Bonferroni correction would be too conservative,
but even at a corrected a level (i.e., a = 0.05/18 = 0.003), P-trend
values for total dairy intake in the initially healthy population and
cheese intake in the initially impaired population would retain
statistical significance. Finally, the Framingham Heart Study
Offspring Cohort is a relatively homogenous Caucasian cohort,
which may limit the generalizability of our findings.

In conclusion, in this long-term, population-based prospec-
tive cohort study in middle-aged Americans, we observed that
dairy intake varies in its associations with T2D, depending on
product type and glycemic status at baseline. Different types of
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dairy are associated with incident hyperglycemia in those with
normoglycemia than are associated with T2D in those with
existing impaired glycemic status. These observations regarding
the impact of underlying metabolic states may partially underlie
the heterogeneous evidence from prior studies regarding the role
of dairy in incident diabetes.
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